I. INTRODUCTION
Photochemistry of alkyl halides has received extensive attention for decades, mainly because of its potential effect on ozone depletion. These alkyl halides may undergo C-X ͑X v Cl, Br, I͒ bond fission to release halogen atoms following UV absorption to the A band which comprises three overlapping electronic excited states, denoted as 3 Q 1 , 3 Q 0 , and 1 Q 1 in ascending order by Mulliken, 1,2 stemming from promotion of a lone-pair electron of the X atom into the antibonding * orbital localized on the C-X bond. As the simplest organic iodide, photodissociation of methyl iodide has been the active focus and serves as a paradigm for research into photodissociation processes that occur along a repulsive potential surface of the excited state. [3] [4] [5] [6] [7] [8] [9] [10] The A-band spectra of CH 3 I may extend from 220 to 340 nm, peaking at around 260 nm, 10, 11 of which the three dissociative optical transitions lead to fragmentation into CH 3 and spin-orbit ground I͑5p 2 P 3/2 ͒ or spin-orbit excited I * ͑5p 2 P 1/2 ͒. Among them, the 3 Q 0 ͑2A 1 ͒ state correlates to the I * fragment with a transition dipole moment aligned parallel to the C-I bond, while the 3 Q 1 ͑2E͒ and 1 Q 1 ͑3E͒ states correlate to I, and the corresponding transitions are polarized perpendicular to the bond axis. Gedanken and Rowe have resolved the A-band spectra of several alkyl iodides using magnetic circular dichroism, revealing that the 3 Q 0 ← X transition carries over 80% oscillator strength in the continuum absorption. 12, 13 Thus, I * has been reported to be the major product of the CH 3 I dissociation with large positive anisotropy parameters ͑␤͒ at different wavelengths over this continuum band. 7, 14 The internal motion of the CH 3 moiety is dominated by an umbrella vibrational mode. The remaining complicated multimode progressions have also been clearly resolved by Samartzis et al. using photoelectron and photofragment velocity imaging techniques. 5 A small amount of I products acquired with similar anisotropy parameters has been attributed to a curve crossing from the 3 Q 0 ͑2A 1 ͒ to 1 Q 1 ͑3E͒ state. The C 3v symmetry of CH 3 I may evolve to C s during dissociation caused by involvement of a slight H 3 C-I bending vibration. 15, 16 The 1 Q 1 ͑3E͒ state therefore splits into AЈ and AЉ states. The coupling strength between the 3 Q 0 ͑3AЈ͒ and 1 Q 1 ͑4AЈ͒ states is enhanced to cause a significant nonadiabatic transition. When the excitation wavelength is extended above 300 nm, the I fragment becomes the main product with a decreased ␤, because the 3 Q 1 state dominates the transitions in the far red wing of the A band. 7 As compared with methyl iodide, photodissociation dynamics of C 2 H 5 I and other ␣-branched heavier alkyl iodides have been less studied. The influence of substituted branches and massive size on the C-X bond fission has been the main issue. [17] [18] [19] [20] [21] [22] [23] In general, the heavier the branches on the ␣-carbon atom, the more yield the I͑5p 2 P 3/2 ͒ fragment is found. The alkyl substituents lying away from the C-I bond have less impact on the potential energy surface ͑PES͒ related to the * ← n transition. Thus, following absorption of an UV photon, these alkyl iodides dissociate as rapidly as CH 3 I in the regime of 10-100 fs. Such early-time dynamic behavior can be characterized by resonance Raman and photoelectron spectra of alkyl iodide cations, while measured in gaseous vapor or nonpolar solvents. 5, 19, 24, 25 Despite of rapid photodissociation, the ␣-branched alkyl iodides having lower molecular symmetry may cause difference in the nonadiabatic transition. According to a simple Landau-Zener model, the heavier branches lead to a slower velocity through the curve crossing region such that the 3 Q 0 state may have more probability to transit into the 1 Q 1 state. 18 Thus far, a qualitative agreement is reached in their dynamic trend, but controversy still exists in understanding the detailed complexity. 26, 27 Photodissociation of ethyl iodide with an electrondonating CH 3 group branched to the ␣-carbon atom is anticipated to yield different behaviors from methyl iodide and is worth to be treated as a model for substitution effect. It is thus the aim for this work to investigate the influence of geometric difference. The absorption spectrum of C 2 H 5 I was measured, 21, 28 showing a similar A band from 200 to 300 nm with the maximum absorption at 258 nm. By taking advantage of resonance-enhanced multiphoton ionization ͑REMPI͒ technique combined with velocity imaging detection, we look into the photodissociation dynamics of C 2 H 5 I over the A-peak region from 245 to 283 nm. The speed and angular distributions of the I, I Ã , and C 2 H 5 moieties are analyzed to determine the subsequent spatial anisotropies and the relative quantum yields of the I Ã -and I-product channels at different photolyzing wavelengths. Given these data, the curve crossing probabilities between the 3 Q 0 and I Q I states are then evaluated. Finally, these results are compared to the case of methyl iodide to gain insight into the ethyl-substituted effect.
II. EXPERIMENT
The apparatus, similar to that used elsewhere, 7 consisted of two vacuum chambers for the molecular beam source and the detection regions, both of which remained at a low pressure about 2 ϫ 10 −7 Torr by a pair of differential pumps. A Ͻ5% C 2 H 5 I sample ͑99% purity͒ was carried by helium gas through a pulsed valve with 0.6-mm-diameter orifice ͑Gen-eral Valve Co.͒, operating at 20 Hz, and expanded into the source chamber. The stagnation pressure of the nozzle was kept at about 1 atm to avoid cluster occurrence. After passing through a 1-mm-diameter skimmer and a collimator, the molecular beam was intersected perpendicularly by a linearly polarized laser beam in a two-stage ion lens region. The skimmer was mounted 30 mm downstream from the nozzle to divide the source chamber from the detection chamber.
A 308 nm XeCl excimer laser-pumped dye laser ͑FL3002, Lambda Physik͒ operating at 20 Hz was the only radiation source employed. Its output beam was frequency doubled to emit in the range of 245-283 nm with the energy of 20-200 J ͑AutoTrack III, InRad͒, followed by linear polarization perpendicular to the flight tube direction, and then focused at the skimmed beam with a 200 mm focallength lens. The laser pulses were focused to the leading edge of the molecular beam to minimize the cluster formation. The C 2 H 5 I molecules were then photolyzed and the subsequent fragments were selectively ionized by using the REMPI technique.
The resulting ions of I, I Ã , or C 2 H 5 were extracted and accelerated into a 36-cm-long field-free drift tube along the molecular beam direction, followed by velocity mapping onto a two-stage microchannel plate ͑MCP͒ and a phosphor screen ͑FM3040, Galileo͒. The ion-cloud expansion was driven by both the fragment recoil velocity and the nonhomogeneous electric field formed within the ion lens region. The MCP could be gated within a minimum duration of 250 ns for mass selection. The ion imaging on the phosphor screen was recorded by a charge coupled device camera ͑200XL4078, Pixelfly͒. The laser wavelength was scanned back and forth within the range of Doppler broadening to cover all the velocity components of the selected fragments. All the ion signals without gate restriction may be transferred to a transient digitizer for display of the mass spectrum. The laser power dependence of the ion intensity was acquired directly from the transient digitizer.
III. RESULTS AND DISCUSSION

A. Ion images of I and I
Ã fragments
The photodissociation of C 2 H 5 I has been studied in the wavelength range of 245-283 nm. Figure 1 shows the photolysis at 277 nm as an example, yielding the ion images of I and I Ã photofragments with the laser beam polarized along the vertical direction. The I and I Ã atoms are ionized by a ͑2+1͒ REMPI scheme via the 6p͓1͔ 3/2 ← 5p 2 P 3/2 and 6p͓1͔ 1/2 ← 5p 2 P 1/2 transitions, respectively. Each image is accumulated over 20 000 laser shots. The background is removed by subtracting a reference image acquired off resonance under the same conditions. Each raw image is restored to its three-dimensional spatial distribution of the fragment by the inverse Abel transform. The reconstructed ion images are also shown in the figure. Both I and I Ã images have much stronger intensities around the poles, suggesting that they should be fragmented mainly as the transition dipole moment is aligned parallel to the C-I bond. Figure 1 also shows the corresponding speed distribution, which is obtained by integrating the reconstructed three-dimensional spatial distribution over all angles at each speed. The speed distributions of I Ã and I can be well fitted by a narrow single-peaked Gaussian curve, implying that I Ã and I are generated as a result of direct dissociation via repulsive PES after absorbing one UV photon. While comparing these two profiles, the I fragment with a wider distribution suggests that the accompanied C 2 H 5 moiety should be in hotter internal states than the other channel leading to I Ã +C 2 H 5 .
The total translational energy carried by the dissociating species can be evaluated from the velocity of an individual fragment in the center-of-mass frame. Provided that the velocity of the iodine fragment v 1 is obtained, then the total translational energy E T is evaluated by
where m X is the mass of X ͑X=I, C 2 H 5 ͒. The available energy for the dissociation process is calculated by
where E avl is the available energy E hv the photon energy, D 0 the C-I bond dissociation energy evaluated to be 2.353 eV for C 2 H 5 I, 29 E el is the electronic energy level of the iodine atom, zero for I and 7603 cm −1 for I Ã , and E int is the internal energy of the parent molecule. E int is considered to be zero, since the rotational and vibrational excitations are negligible in a supersonic molecular beam. The fraction of the translational energy f T is then defined as a ratio of the average translational energy ͗E T ͘ to the available energy. That is,
In this work, the dynamical properties related to the photodissociation of C 2 H 5 I at the wavelengths studied are evaluated in Table I , in which determination of the anisotropy parameter will be described in Sec. III C. Table I shows that the total available energy and the subsequent translational energy for the I and I Ã channels increase with decreasing the wavelength. In contrast, the corresponding fractions of the translational energies are evaluated to be 0.63± 0.2 and 0.73± 0.2, respectively, which are independent of the photolyzing wavelength, indicating that the I channel may carry more internal energy in the C 2 H 5 moiety.
The iodine image in the photolysis at 245 nm is given in Fig. 2 as a typical example for the shorter wavelengths. It comprises two components, an outer sharp ring surrounding a smaller cone-shaped ring. The corresponding speed distribution yields a bimodal profile, which may be resolved with two Gaussian functions. The faster distribution results from 
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A fraction of the C 2 H 5 I molecules in the A band continues absorbing one additional photon to ionization continuum, followed by dissociation into I + and neutral C 2 H 5 . The second broad distribution, as found in Fig. 2 , actually appears in the photolysis at 245, 251.5, and 258.4 nm studied. For the case of 258.4 nm, it becomes weak and yet apparent. To verify its relation with the dissociative ionization channel, the bond dissociation energy for the scheme C 2 H 5 I + → C 2 H 5 +I + must be known for estimate of the total available energy.
To our knowledge, accurate ionization potentials ͑IP's͒ of the X According to evaluation similar to Eq. ͑2͒, the total available energies for the dissociative ionization channel are obtained to be 230, 192, and 154 kJ/ mol for the photolyzing wavelengths at 245, 251.5, and 258.4 nm, respectively. Thus, the f T values correspond to 0.24± 0.02, 0.29± 0.03, and 0.39± 0.03, respectively. A large amount of energy is apparently converted into the internal states of C 2 H 5 I + . As C 2 H 5 I in the A band starts to dissociate along the repulsive PES, the ionization occurs following absorption of a second photon from a dissociating molecule of which the C-I bond is elongated. The C 2 H 5 I cation thus obtained lies in a state with various vibrational modes and progressions excited, which deviate from the prediction based on Franck-Condon factors. 30 In contrast to the above case, when the wavelength is longer than 266 nm, the speed distributions of I and I Ã are dominated by a single peak; an example has been given in Fig. 1 . While inspecting the energy requirement to ionize C 2 H 5 I, we find that an energy deficit of 218 cm −1 exists if two photons at 266 nm are made as in Eq. ͑4͒. This fact may reasonably explain why the broad speed distribution disappears when the laser wavelength is above 266 nm.
In contrast to the dissociative ionization of C 2 H 5 I, transition to lower excited states Ã and B of CH 3 I + may only correlate with a dissociation channel of CH 3 + +I. 32, 33 While using higher excitation energy, Szaflarski and El-Sayed have observed kinetic energy distributions of I + and CH 3 + fragments following the ionization of CH 3 I in the three-photon absorption of a 266 nm picosecond laser. 34 The ionization process results from a ladder mechanism. Samartzis et al. have reported the formation of CH 3 I + by two-photon absorption at 248 nm with laser pulses in different time regimes from femtoseconds to nanoseconds. 5 Dissociation occurs following the successive absorption of a third photon. A resulting wider distribution of I + kinetic energies is found, since the CH 3 I + is formed in a wide range of vibrational modes.
B. Ion images of C 2 H 5 and quantum yields
To supplement the information provided by the I and I * results, the ion images of the C 2 H 5 moiety are acquired in the photolysis at several wavelengths listed in Table II . Figure 3 shows an example of the raw and reconstructed ion images of C 2 H 5 at 251.5 nm, yielding two distinct rings with a fainter one surrounding outside. The corresponding speed distribution gives rise to two overlapping peaks, which can be well resolved by two Gaussian functions. The fast broad distribution corresponds to the channel accompanied by I, whereas the narrow slow one is the channel involving I * . The former channel apparently goes with hotter internal states of C 2 H 5 , in agreement with the dynamic behavior reflected in the iodine results. Such a bimodal distribution is found when the photolyzing wavelength is adjusted to the range of 245-258 nm, during which C 2 H 5 is ionized via a ͑1+1͒ REMPI process. As reported, the first photon with the wavelength between 240 and 265 nm happens to excite the ethyl radical from the X 2 A 1 ground state into the Ã 2 A 1 3s Rydberg state, yielding a broad and featureless absorption band. 35 Upon excitation to the Rydberg state, the ethyl radical dissociates concomitantly into ethylene and a hydrogen atom with dissociation rates on the order of 10 7 s −1 . 36 Such a slower dissociation channel does not appear in the C 2 H 5 + speed distribution to interfere with the ionization channel.
In contrast, when the laser is set at 266-278 nm, detuned from the resonance state, the C 2 H 5 results appear slightly different. Figure 4 shows an example of the ion image at 277.5 nm, which has an additional bright image in the central region corresponding to a slower speed distribution. We ascribe this feature to the background interference. First, the C 2 H 5 + image intensity is weak due to the lack of resonance enhancement. Its background image was not subtracted from the signal image acquired. Second, the energy accumulated by two photons at 266-278 nm is not large enough to ionize C 2 H 5 I such that the ionization dissociation channel, C 2 H 5 I + → C 2 H 5 + + I, may not contribute significantly. As shown in Fig. 4 , when the laser energy at 277.5 nm is increased from 150 to 200 J, the normalized background feature is reduced to one-half intensity, whereas the intensities of the other two iodine-related distributions remain invariant.
The image acquisition of C 2 H 5 + is advantageous for evaluation of the quantum yields for the accompanied I and I * fragments. The branching ratio of the I and I * channels is usually measured by using their REMPI signals selectively obtained at two resonance wavelengths; that is,
Then, the quantum yields of ⌽͑I * ͒ and ⌽͑I͒ can be readily obtained by the relations
Here, N͑I * ͒ and N͑I͒ are the numbers of the I * and I fragments; S͑I * ͒ and S͑I͒ are the measured intensities of the REMPI signals. The factor k, related to the REMPI transition probability and instrument parameters, can be obtained by performing a calibration experiment of I 2 photolysis under the same conditions. As an alternative method, by taking advantage of the C 2 H 5 + images, the I / I * branching ratio may be directly determined by the area ratio of their speed distributions without using any standard sample for calibration. In a similar case of CH 3 I, the methyl fragment was ionized by a second laser via a ͑2+1͒ REMPI process. 7 The I and I * fragments, having almost identical profile widths, resulted from a selective CH 3 ͑v͒ state. Thus, the total I and I * products correspond to summation of all the v states of CH 3 . It differs from our case. The transition band of ethyl radical selected in this work is broad and featureless such that the different vibrational levels of the ground C 2 H 5 may be excited simultaneously without choosing particular wavelengths. This fact is demonstrated in Fig. 5 . Two aspects may be discerned from comparison of the translational energy distributions among I, I * , and C 2 H 5 resulting from 258 nm photolysis. First, individual dissociation channels involving either I or I * are clearly identified. Second, since the profile widths of I and I * resemble those of C 2 H 5 , the I / I * branching of the dissociation channels may be obtained directly from the C 2 H 5 + image. The quantum yields of I * and I can be readily evaluated at different wavelengths, even though they may not simultaneously undergo the ͑2+1͒ REMPI processes at these wavelengths. It is worth to note that the accuracy of evaluation may not be disturbed significantly by the slow dissociation rates of C 2 H 5 in the Ã 2 A 1 3s Rydberg state.
The I * quantum yields are listed in Table II * , and I images. The maximum available energies E avl for the I * and I dissociation channels are also indicated. nique to probe the iodine fragments. 22 In contrast to our case, a reliable ⌽͑I * ͒ for CH 3 I remains about 0.73± 0.04 in the range of 248-266 nm and then decreases to 0.2 at 304 nm. 7 Even though the heavier ethyl group is substituted, the I * quantum yields do not seem to differ significantly from those obtained in CH 3 I. When a further bulkier size is branched to the ␣-carbon atom, ⌽͑I * ͒ was obtained to be 0.44± 0.03 and 0.20± 0.03 for i-propyl and i-butyl iodide, respectively, at 266 nm, 22 and 0.03 for tert-butyl iodide at 277 nm. 20 As reported, the ␣-bulky group enhances the strength of 3 Q 0 → 1 Q 1 nonadiabatic transition and brings about the decrease of ⌽͑I * ͒. This factor seems insignificant in the case of ethyl iodide.
C. Anisotropy parameter and nonadiabatic transition
In a photodissociation process, angular distribution I͑͒ of the fragment is obtained by integrating the reconstructed three-dimensional spatial distribution over a proper range of speed at each angle. It may be characterized by anisotropy parameter ␤ as expressed by
where ␤ is limited between 2 ͑parallel transition͒ and −1 ͑perpendicular transition͒, P 2 ͑cos ͒ is the second-order Legendre polynomial, and is the angle between the laser polarization direction and the recoil velocity of fragments. The ␤ value is determined by using a least-squires fit to the angular distribution. In this manner, the ␤ and ␤ * values for the I and I * channels are obtained at various wavelengths, as listed in Table I .
For ethyl iodide, the A band is mainly contributed by 3 Q 0 covering 81% of the total absorption cross section with the maximum at 38 820 cm −1 and full width at half maximum ͑FWHM͒ of 5060 cm −1 . The other two small components are 3 Q 1 , sharing 9% with the maximum at 36 500 cm −1 and FWHM of 4060 cm −1 , and 1 Q 1 , sharing 10% with the maximum at 40 275 cm −1 and FWHM of 3530 cm −1 . 13 Thus, the 3 Q 0 state dominates over the excitation wavelengths studied. As expected, the ␤͑I * ͒ values over the full wavelengths are obtained in the range of 1.9± 0.1 ͑Table I͒, very close to the limit value of the parallel transition, suggesting that the I * product should be contributed substantially from the 3 Q 0 state. In contrast, ␤͑I͒ decreases gradually from 1.9 to 1.6 with increasing the wavelength from 258 to 278 nm. The I product originates from two components: direct excitation of the 3 Q 1 state and the 3 Q 0 → 1 Q 1 nonadiabatic transition. The latter contribution increases the parallel character of ␤͑I͒. The direct contribution in the I channel is considered to have a perpendicular character ͑␤ =−1͒, while the nonadiabatic contribution remains the same anisotropy as the fragments that appear in the I * channel ͓␤͑I * ͒ϳ2͔. Therefore, the ␤͑I͒ value may be resolved to the relative contributions of the parallel and perpendicular components,
Here, a and b denote the fractions of nonadiabatic and directexcitation contributions in the I-product channel. The former fraction is determined to be
provided that ␤͑I͒ and ␤͑I * ͒ are given along with the application of a + b = 1. The curve crossing probability P between the 3 Q 0 and 1 Q 1 states is expressed as
where the sum of N͑I͒ and N͑I * ͒ is assigned to be unity for normalization. Given the measures of ␤͑I͒, ␤͑I * ͒, and ⌽͑I * ͒, the P values are therefore evaluated to be 0.24 at 258 nm, 0.32 at 266 nm, and 0.36 at 277 nm. The results may also be determined from the C 2 H 5 images but with less accuracy, due to a worse ␤͑I͒ evaluated from a fainter outer ring. The P values thus obtained become smaller by 15%-20%. One should be very careful while adopting the data of nonresonant ionization of C 2 H 5 for the I and I * channels. The large internal energy excitation accompanied by the I channel may not be sufficiently reflected in the C 2 H 5 ionization. That is why the obtained ␤͑I͒ values are not as accurate as those determined by the I + images. It should also be noted that this work does not reveal atomic alignment effects or possible coherence effects due to interference by optical excitation of two states simultaneously in the curve crossing region, since the single laser employed is of poor coherent character.
As photodissociation occurs in a closer distance to the Landau-Zener-type crossing point, the transition probability is expected to increase. Our results reveal that the transition probability increases gradually with increasing the wavelength, but conical intersection between two states is still far in a longer wavelength region. This point is consistent with that obtained in the CH 3 I photodissociation, 7 in which the transition probabilities remain at about 2.5 within the wavelength range less than 270 nm and then rise to 0.3 at 277 nm. A slow rise found in CH 3 I may be caused by its absorption maximum redshifted to 262 nm. The curve crossing probability is expected to increase as the ␣-branched alkyl group becomes massive and the subsequent moving speed through the Landau-Zener crossing region becomes slower. 20, 22 However, the curve crossing probability is not significantly enhanced by the branched ethyl group. In the present work, the nonadiabatic transition cannot be successfully rationalized by evoking simply a kinematic factor.
The vibrational mode structures of alkyl iodide cations have been analyzed to further understand the photodissociation behavior, 5, 19, 24, 25, 30 which occurs within a brief time regime Ͻ100 fs. It is found that the vibrational spectra in the parent cations are dominated by a long progression of CI stretch mode, followed by a CCI ͑or HCI in methyl iodide͒ bending mode ͑fundamental and combination͒. These two modes are associated with the dissociation coordinate and disappear after decomposition via the A band. The photodissociation process is thus anticipated to involve coupling primarily between the CI internal coordinate and the bending mode. The contribution from the bending fundamental and combination modes becomes larger relative to the CI stretch progression, as the ␣-branched alkyl group becomes heavier.
For instance, the ratios of total spectral intensity contribution by CI stretch and bend are about 1:0.3, 1:0.5, 1:0. 19 respectively. The photodissociation occurrence is not along the pure CI internal coordinate, but containing more multidimensional character when a more massive alkyl group is bound. The stretch-bend coupling strength of C 2 H 5 I + seems stronger than that of CH 3 I + . If so, the C 2 H 5 I photodissociation should tend to have a larger nonadiabatic transition rate and the subsequent I quantum yield. But it turns out against our experimental findings. Apparently, it may require more information, such as accurate potential energy surfaces and contribution of multiple mode interactions, to reasonably comprehend the dynamical complex in photodissociation of alkyl halides.
IV. CONCLUSION
The photodissociation dynamics of ethyl iodide over the wavelength range of 245-283 nm has been investigated. By making use of the REMPI technique coupled with velocity imaging detection, the I, I * , and C 2 H 5 images are acquired and the subsequent speed and angular distributions are analyzed. As expected, the I * channel is accompanied by a colder internal states of C 2 H 5 , while the I channel is with a hotter C 2 H 5 . These two dissociation channels may also be verified by inspecting the C 2 H 5 images alone. The selected intermediate state of C 2 H 5 is broad and featureless such that different vibrational levels of the ground C 2 H 5 may be excited simultaneously at the same wavelength. The relative quantum yields of I and I * may thus be obtained directly from the C 2 H 5 images. Determination of the anisotropy parameters indicates that the I * production should originate substantially from the 3 Q 0 state, whereas the I production is contributed by direct excitation and nonadiabatic transition. The curve crossing probability rises gradually with the wavelength, suggesting that the conical intersection be located close to the exit channel. Such probabilities, which make insignificant difference from the case of CH 3 I, cannot be rationalized by the kinematic effect.
